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ABSTRACT
In this study, fungal strains designated as KNUF-22-14A and KNUF-22-15A were isolated
from soil samples in Korea. These two strains were identified based on cultural and morpho-
logical characteristics as well as phylogenetic analyses and were found to be morphologic-
ally and phylogenetically identical. Upon their morphological comparison with closely
related species, such as Tolypocladium album, T. amazonense, T. endophyticum, T. pustulatum,
and T. tropicale, a difference in the size of short phialides [0.6–2.4(–9.3) � 0.8–1.4mm] was
observed. Meanwhile, these strains had larger conidia (1.2–3.0� 1.2–3.0mm) than T. album, T.
amazonense, T. endophyticum, and T. tropicale and smaller conidia than T. pustulatum.
Phylogenetic analyses using a multi-locus datasets based on ITS, LSU, and SSU showed that
KNUF-22-14A and KNUF-22-15A formed a distinct cluster from previously identified
Tolypocladium species. Thus, these fungal strains isolated from soil in Korea are proposed as
a novel species according to their characteristics and are named Tolypocladium globosum
sp. nov.
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1. Introduction

Many species of the order Hypocreales
(Ascomycota, Sordariomycetes) coexist with other
organisms, such as plants, insects, and fungi, as
pathogens, saprobes, or symbionts [1]. Three species
with sparsely branched conidiophores, inflated phia-
lides, and one-celled conidia carried in slimy heads
were used to establish the genus Tolypocladium in
1971 [2]. Currently, 49 species of Tolypocladium are
listed in the Index Fungorum (www.indexfungorum.
org, accessed on 1 February 2023). The
Tolypocladium genus has a wide range of habitats,
host/substrate relationships, and geographical distri-
bution. Tolypocladium species have been referred to
as cosmopolitan displays because they can live in a
variety of habitats and hosts, such as soil, insects,
plants, lichens, and hypogeal fungi [3,4]. This genus
was established with the type species Tolypocladium
inflatum, along with T. cylindrosporum and T. geo-
des [2], after which Cordyceps subsessilis, a sexual
species, and T. inflatum, an asexual species, were
also added [5]. Elaphocordyceps, a sexual genus, was
then introduced. Multigene phylogenetic analysis
revealed that these species were linked to

Tolypocladium and several species of Verticillium
[3]. The species of Cordyceps sensu lato that parasit-
izes ectomycorrhizal Elaphomyces (2 forma and 18
species), beetle larvae (Cordyceps subsessilis), and
cicada nymphs (Cordyceps inegonsis, C. paradoxa,
and C. toriharamontana) was also reassigned to
Elaphocordyceps [3]. Moreover, Chaunopycnis was
reclassified to accommodate Ch. alba, a conidiogeni-
cally similar species to Tolypocladium [6]. Following
the “One fungus, One name” principle, the genera
Elaphocordyceps and Chaunopycnis were merged
under the genus Tolypocladium due to the latter
being the oldest, most widely recognized, and
having therapeutic value [2–4,6]. Most
Tolypocladium species, except for a small number of
entomopathogens, are mycoparasites of the truffle-
like ectomycorrhizal ascomycete Elaphomyces
(Elaphomycetaceae, Eurotiales). Previously identified
as Elaphocordyceps spp., those mycoparasites have
recently been given the name Tolypocladium [4].
Identification of Tolypocladium species solely based
on morphological traits has many limitations, lead-
ing to misidentification of some species. The
asexual morphological structure of all identified
Tolypocladium species has not yet been reported.
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Several species have been reidentified and moved
into or out of the genus because of the development
of molecular biology techniques, which is based on
the combination of conventional morphological
traits and molecular markers [3,4,7].

This study aimed to discover unidentified fungal
species from Korea. Morphological and cultural
characteristics as well as molecular phylogenetic
analysis were used to confirm the novelty of the
obtained strains.

2. Materials and methods

2.1. Collection of soil samples and fungal
isolation

The soil samples were obtained in 2022 from two
locations in Korea: Chiltansan, Miryang-si,
Gyeongsangnam-do (35�28041.900N, 128�49033.200E)
and Sobaeksan National Park, Yeongju-si,
Gyeongsangbuk-do (36�56044.900N, 128�27043.900E).
Then, the isolates were processed using the standard
serial dilution method [8]. A vortex was used to
completely mix 1 g of soil with 9mL of double-dis-
tilled water for 1–3min. The soil suspension was
serially diluted in double-distilled water, with
1000 mL of each sample being diluted to 10�1, 10�2,
10�3, and 10�4. Potato dextrose agar (PDA; Difco,
Detroit, MI, USA) plates were pipetted with 100lL
of 10�3 and 10�4 suspensions, and then the plates
were incubated in an incubator at 25 �C. Fungi grew
on PDA plates after 3–4 days of incubation. Selected
fungal colonies were subcultured onto new PDA
media and incubated under the same previous con-
ditions for subsequent examination.

2.2. Cultural and morphological characterization

For the study of cultural characteristics and mor-
phological characteristics, PDA, malt extract agar
(MEA; Difco, Detroit, MI, USA), and cornmeal agar
(CMA; Difco, Detroit, MI, USA) were used [2,9–
11]. The KNUF-22-14A and KNUF-22-15A strains
were incubated for 14 days at 25 �C. After measuring
the diameter of the colonies and noting their char-
acteristics, mycological characteristics were observed
by examining the fungal structures using a light
microscope (BX-50; Olympus, Tokyo, Japan).

2.3. Genomic DNA extraction, PCR amplification,
and sequencing

For genomic DNA extraction, a HiGene Genomic
DNA prep kit (BIOFACT, Daejeon, Korea) was
used in accordance with the manufacturer’s instruc-
tions, and the obtained sample was kept at �20 �C
until use. KNUF-22-14A and KNUF-22-15A were

amplified via polymerase chain reaction (PCR) with
the dataset of internal transcribed spacer (ITS)
regions, large subunit of 28S rRNA (LSU), and small
subunit of 18S rRNA (SSU). The primer pairs
ITS1F/ITS4, LROR/LR5, and NS1/NS8 were
employed for ITS, LSU, and SSU, respectively [12–
15]. The thermal conditions for PCR amplification
were set as previously described [16]. EXOSAP-IT
(Thermo Fisher Scientific, Waltham, MA, USA) was
used to purify the amplified PCR products and
sequenced by Solgent Co. Ltd. (Daejeon, Korea).
Using the software SeqMan Lasergene (DNAStar
Inc., Madison, WI, USA), the sequencing data col-
lected for this investigation were adjusted. The
resulting sequences for the ITS regions, LSU, and
SSU were deposited in National Center for
Biotechnology Information (NCBI) GenBank under
the following accession numbers: KNUF-22-14A
(LC731698, LC731699, and LC731700) and KNUF-
22-15A (LC731703, LC731704, and LC731705),
respectively.

2.4. Molecular phylogenetic analyses

Using the basic local alignment search tool
(BLAST), three molecular markers (ITS, LSU, and
SSU) were used and compared the reference sequen-
ces with KNUF-22-14A and KNUF-22-15A from the
GenBank database of the NCBI (Table 1).
Evolutionary distance matrices were generated based
on the Kimura’s neighbor-joining algorithm model
[17]. To determine the precise taxonomic position
of each strain, neighbor-joining [18], maximum like-
lihood [19], and maximum parsimony [16] trees
were constructed. The MEGA 7.0 software program
was used for the phylogenetic analyses, and boot-
strap values based on 1000 replications were
used [20].

3. Results

3.1. Taxonomic analysis of Tolypocladium
globosum sp. nov.

Molecular phylogenetic analyses revealed that the
strains KNUF-22-14A and KNUF-22-15A were simi-
lar as well as clustered together. Thus, only cultural,
and morphological characteristics for the taxonomic
descriptions and microphotographs as type strain
KNUF-22-14A are described in this paper (Figure 1
and Table 2).

Tolypocladium globosum J. J. Ryu, S.Y. Lee, and
H.Y. Jung, sp. nov. (Figure 1)

MycoBank: MB 845983
Etymology: The epithet “globosum” specifically

refers to conidia with a globose morphology.
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Typus: KNUF-22-14A and KNUF-22-15A
strains were isolated from soil in Sobaeksan
National Park, Yeongju-si, Gyeongsangbuk-do
(36�56044.900N, 128�27043.900E) and Chiltansan,
Miryang-si, Gyeongsangnam-do (35�28041.900N,
128�49033.200E) in Korea, respectively. The stock cul-
ture (NIBRFGC000509972) was deposited in the
National Institute of Biological Resources (NIBR), as
a metabolically inactive culture.

Ecology and distribution: Several species from
this genus were isolated from the soil, sapwood, and
decaying wood. In addition, several species were dis-
covered from Elaphomyces sp., also referred to as
deer truffles. Moreover, numerous individuals were
isolated from Cicada nymphs and Scarabaeidae lar-
vae (e.g., Auritibicen bihamatus, Graptopsaltria
nigrofuscata, and Platypleura kaempferi). The novel
species proposed in this study, Tolypocladium globo-
sum, was found in soil that was collected from
mountains in Korea.

Cultural characteristics: On PDA, the colonies
were flat, white to light beige, round, wrinkled,
reverse colonies were yellow, and they had grown to
a diameter of 29–30.5mm (Figure 1(A)). On MEA,
the surface was white, floccose, whereas the reverse
surface was pale yellow to light beige, with colonies
growing to 30–31.5mm in diameter (Figure 1(B)).
On CMA, the colonies grew very slowly, the surface
was floccose and mycelium white, whereas the
reverse surface was light yellow to pale yellow, with
colonies measuring 19–21mm in diameter (Figure
1(C)). All media were incubated for 14 days
at 25 �C.

Morphological characteristics: The colonies
grown on PDA were used to study the morpho-
logical structures. Conidiomata were absent,
branched hyphae, hyaline, smooth-walled, 1.2–
2.4 mm wide. Phialides were 0.6–2.4(–9.3) � 0.8–
1.4 mm long, swollen, curved or erect, and short
phialides were commonly produced attached to

Table 1. GenBank accession numbers of fungal strains used in this study for phylogenetic analysis.

Fungal species Strain numbers

GenBank accession numbers

ITS LSU SSU

Tolypocladium globosum KNUF-22-14AT LC731698 LC731699 LC731700
T. globosum KNUF-22-15A LC731703 LC731704 LC731705
T. album CBS 869.73T AB457005 – –
T. album MS 490 JX155907 – –
T. amazonense CBS 136895T JQ905653 KF747134 KF747314
T. amazonense LA 100 HQ022485 – –
T. bacillisporum C23 LC684522 – –
T. capitatum NBRC 106325 JN943314 JN941402 JN941739
T. capitatum NBRC 100997 JN943313 JN941401 JN941740
T. cucullae GZU A-77 MW798789 – –
T. cucullae HKAS 55588T MW798788 – –
T. cylindrosporum YFCC 1805001 MK984581 MK984577 MK984565
T. dujiaolongae RCEF6201 KF696558 – –
T. endophyticum MS 337 JQ905657 KF747136 KF747315
T. endophyticum MX 486 KF747245 KF747152 KF747321
T. endophyticum CBS 136896 JX155949 – –
T. fumosum WA18945T KU925171 – –
T. geodes CBS 126054 MH864065 – –
T. geodes CBS 723.70T MH859919 – –
T. guangdongense GDGM 24020T EU039881 – –
T. inegoense 14TymH3 LC042482 – –
T. inflatum OSC 71235 JN049844 EF469077 EF469124
T. inusitaticapitatum HKAS 112152 MW537735 – –
T. japonicum OSC 110991 JN049824 DQ518761 DQ522547
T. jezoense txid94205 AB027365 AB027365 AB027365
T. longisegmentum HMJAU6903 KJ866879 – –
T. longisegmentum 2731.S AJ786568 – –
T. nubicola CBS 568.84T MH861780 – –
T. ophioglossoides NBRC 8992 JN943316 JN941405 JN941736
T. ophioglossoides NBRC 100998 JN943319 JN941406 JN941735
T. ophioglossoides NBRC 106330 JN943321 – –
T. ovalisporum CBS 700.92T AB457006 – –
T. paradoxum NBRC 100945 JN943323 JN941410 JN941731
T. pustulatum MRL GB6597 AF389189 – –
T. pustulatum KaP8.2.2.1 KP698195 – –
T. reniformisporum YFCC 1805002T MK984582 MK984578 MK984566
T. sinense CS7 KX082969 – –
T. tropicale MX 337 JQ905660 – –
T. tropicale MX 338 KF747259 KF747149 KF747318
T. tropicale CBS 136897T KF747254 – –
T. tundrense CBS 569.84T MH861781 – –
T. valliforme DAOM 196368 AY245640 – –
T. varium CBS 429.94 MH862472 – –
Aschersonia confluens BCC 7961 JN049841 DQ384947 DQ372100

Notes: ITS: internal transcribed spacer regions of rDNA; LSU: partial large subunit of 28S rRNA; SSU: small subunit of 18S rRNA. The strains identified
in this study are indicated in bold.
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conidiophores (Figure 1(D–H)). Conidiophores were
micronematous, erect, and up to 314 mm in length.
Conidia were solitary or verticils of 2 to 6, hyaline,
globose to subglobose, and with a diameter of 1.2–
3.0� 1.2–3.0 mm (x̅ ¼ 2.1� 2.0 mm, n¼ 100), L/W
ratio of 1.0 (Figure 1(I,J)).

Note: The strain KNUF-22-14A was morpho-
logically compared with phylogenetically related
strains: Tolypocladium album, T. amazonense, T.
endophyticum, T. pustulatum, and T. tropicale

(Table 2). Morphological differences were observed
between KNUF-22-14A and related species. The cul-
tural characteristics of KNUF-22-14A on CMA were
flat, floccose, irregular margin, hyaline in reverse,
and colonies reaching 22–24mm in diameter after
14 days at 25 �C, while the phylogenetically closest
strain T. pustulatum (MRL GB6597) exhibited
appressed, margin even, hyaline, powdery or farin-
aceous, conidial pustules light pink, dull grey, hya-
line in reverse after onemonth, reaching 21–22mm

Figure 1. Cultural and morphological characteristics of Tolypocladium globosum (KNUF-22-14AT). Colonies on potato dextrose
agar (A); malt extract agar (B); and cornmeal agar (C) following 14 days of incubation at 25 �C, respectively. Phialides (D–H);
conidia (I,J). Scale bars: D¼ 20mm, E–J¼ 10mm.

Table 2. Morphological comparison of Tolypocladium globosum (KNUF-22-14AT) with the closest species of Tolypocladium.
Characteristics Phialides Conidia References

Tolypocladium globosum
(KNUF-22-14AT)

Subcylindrical; 0.6–2.4� 0.8–
1.4 mm

Globose to subglobose, aseptate;
1.2–3.0� 1.2–3.0 mm

This study

T. album
(CBS 830.73T)

Cylindrical; 3.5–10 (�20) � 1.0–
1.5 mm

Globose, rarely ovoid; Globose:
1.5–2.0 mm, ovoid: 3.5 mm

[6]

T. amazonense
(CBS 136895T)

Trichodermoid branching pattern;
4.6 ± 1.2� 1.5 ± 0.3mm

Cylindrical or globose; 2.10–
2.16 mm

[7]

T. endophyticum
(MX486)

Trichodermoid branching pattern;
4.1 ± 0.9� 1.6 ± 0.2 mm

Globose; 1.3 ± 0.2 mm [7]

T. pustulatum
(MRL GB6597)

Cylindrical to lageniform; 4–
10� 2–4 mm

Broadly ellipsoidal or obovate; 2–3
(�5) � 1.5–2.5 mm

[10]

T. tropicale
(MX338)

Trichodermoid branching pattern;
4.6 ± 1.2� 1.5 ± 0.3 mm

Spherical; 1.5 ± 0.1 mm [7]

The strain identified in this study are indicated in bold.
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in diameter after 14 days at 25 �C on CMA. T.
album (CCF 3185) displayed white, floccose, with a
yellow tint in reverse, growing rather slowly, reach-
ing 31–35mm on CMA with a diameter after
14 days at 25 �C [9,10]. Other related strains T.
endophyticum, T. amazonense, and T. tropicale
showed differences in phialides morphology, form-
ing a trichodermoid branching pattern of phialides
[7]. KNUF-22-14A [0.6–2.4(–9.3) � 0.8–1.4 mm] had
short or curved phialides attached to conidiophores
that are shorter than those of T. album (3.5–
10.0� 1.0–1.5 mm), T. amazonense
(4.6 ± 1.2� 1.5 ± 0.3 mm), T. endophyticum (4.1 ± 0.9
� 1.6 ± 0.2 mm), T. pustulatum (4.0–10.0� 2.0–
4.0 mm), and T. tropicale (4.6 ± 1.2� 1.5 ± 0.3 mm)
(Table 2). In addition, KNUF-22-14A (1.2–3.0�
1.2–3.0 mm) can be distinguished from T. album
(1.6–1.9 mm), T. amazonense (2.1–2.2 mm), T. endo-
phyticum (1.9–2.0 mm), T. tropicale (2.0–2.1 mm),
and T. pustulatum (2.0–3.0� 1.5–2.5 mm) based on
their larger conidia. Moreover, T. pustulatum pro-
duced conidia accumulating in dry chains, but
KNUF-22-14A did not produce chains of conidia.
Thus, the morphological characteristics of KNUF-
22-14A were distinct from those of previously
reported Tolypocladium species.

3.2. Molecular phylogeny of the strain KNUF-
22-14A

The novel species in this genus were investigated
using BLAST tool from NCBI, and the molecular
markers ITS regions, SSU, and LSU genes were
examined. According to the sequencing results, the
lengths of the sequences for KNUF-22-14A and
KNUF-22-15A were as follows: SSU (1659, 1650 bp),
LSU (831, 857 bp), ITS (595, 596 bp), TEF1 (871,
895 bp), and RPB2 (1083, 1106 bp), respectively. The
BLAST search results of KNUF-22-14A and KNUF-
22-15A in ITS regions showed 95% similarity with
T. endophyticum (MX 485) and T. inflatum
(PANM200T9ZM1D). In SSU, T. cylindrosporum
(NBRC 100548) and T. inflatum (NBRC 31671)
showed maximal similarity of 99.7% and 99.8%,
respectively. Similarly, based on the LSU gene
sequencing results of KNUF-22-14A and KNUF-22-
15A, highest similarity (99.0% and 99.1%) was dis-
played with Tolypocladium paradoxum (NBRC
100945). A phylogenetic tree based on ITS regions
was made to shed more resolution on the phylogen-
etic positions of the newly obtained strains along
with additional taxa, since not many Tolypocladium
species contain gene sequences that are not listed in
GenBank (Table 1 and Figure 2). The strains
KNUF-22-14A and KNUF-22-15A developed indi-
vidual lineages with the Tolypocladium species T.

album, T. amazonense, T. endophyticum, T. pustula-
tum, and T. tropicale. In addition, a phylogenetic
tree was created based on the neighbor-joining
method using 16 closely related fungal taxa from
the Tolypocladium genus to perform multi-locus
molecular markers (ITS, SSU, and LSU) of the
strains KNUF-22-14A and KNUF-22-15A. This tree
also clearly demonstrated that the strains KNUF-22-
14A and KNUF-22-15A occupied a distinct position
from other Tolypocladium species and phylogenetic-
ally closest to T. amazonense, T. endophyticum, and
T. tropicale (Figure 3). Maximum likelihood and
maximum parsimony trees were also constructed to
determine the exact taxonomic position of the
strains; and filled circles in the neighbor-joining
phylogenetic tree indicated the nodes, whereas open
circles indicated the corresponding nodes with the
maximum likelihood or maximum parsimony algo-
rithm (Figure 3). From the two phylogenetic trees, it
is clearly shown that the strains KNUF-22-14A and
KNUF-22-15A have distinct positions compared
with previously identified Tolypocladium species.

4. Discussion

In the present study, two strains KNUF-22-14A and
KNUF-22-15A were isolated in 2022 from soil sam-
ples in Yeongju and Miryang, South Korea. The
strains exhibited morphological differences from
each of the previously identified closely related spe-
cies, as supported by previous descriptions of the
latter (Table 2).

Species with known sexual stages have been used
mainly in the studies of the ecology of the
Tolypocladium clade. Most species of Tolypocladium
are parasites of the truffle-like fungal genus
Elaphomyces and to a lesser extent of soil-inhabiting
Cicada nymphs (Cicadidae, Hemiptera) and wood-
inhabiting beetle larvae (Coleoptera) [3]. Members
of this clade and the Ophiocordycipitaceae are well
recognized for their symbiosis with hosts, which is
often host-specific. Elaphomyces species are the only
fungi documented as hosts for Tolypocladium to
date [21]. The same species can be found playing
different ecological roles that are frequently con-
nected to various substrates by asexual and sexual
states. They are capable of producing metabolites
with significant medical and biocontrol benefits,
such as tolypin, tolypoalbin, tolyprolinol, cyclo-
sporin A, and cyclosporin D hydroperoxide [22–26].
The type species of the genus, T. inflatum, can pro-
duce cyclosporin A. This is one of the most often
prescribed immunosuppressants for people with
autoimmune conditions, including organ transplant
recipients and those with AIDS, due to its superior
T cell specificity and low levels of myelotoxicity
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[27]. In addition, T. cylindrosporum has the poten-
tial to be used as a biological control agent as it kills
mosquito eggs, larvae, and adults [28]. Numerous
secondary metabolites, such as cyclosporin, efrapep-
tins, ophiocordin, and ophiosetin, are produced by
several Tolypocladium species [29]. They have been

broadly applied in both biocontrol and biopharma-
ceuticals [29]. An unidentified Tolypocladium sp.
was discovered in the roots of plants (e.g., Isachne
globosa, Scirpus karuisawensis, Utricularia racemosa,
and Eriocaulon decemflorum) from Jangdo Island in
Korea, along with various other unidentified fungi.

Figure 2. Neighbor-joining phylogenetic tree based on the concatenated sequences of ITS sequences showing the phylogen-
etic position of strains KNUF-22-14AT and KNUF-22-15A among Tolypocladium species. Bootstrap values based on 1000 repli-
cates are shown next to the branches. Aschersonia confluens BCC 7961 comprised the outgroup. Bootstrap values greater than
50% (based on 1000 replications) are shown at the branching points. The isolated strains are shown in bold. Bar ¼ 0.01 sub-
stitutions per nucleotide position.
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Other Tolypocladium species, including T. inegoense,
T. ophioglossoides, and T. paradoxum, have been iso-
lated in Korea [30]. In addition, Chaunopycnis alba
(also known as T. album) was isolated from soil for
the first time in Korea [31].

In conclusion, the strains obtained in this study
were recognized as novel species based on cultural,
morphological, and phylogenetic analyses. These
results revealed that the strains differed significantly
from the previously described Tolypocladium species.
The etiology of these two species as well as their
pathogenicity, ecological significance in Korean soils,
environmental conditions, and relationships with
agricultural production need to be studied further.
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